Hydraulic fracturing stress measurements and a borehole televiewer survey were conducted in a 1.6-km-deep well at Auburn, New York. This well, which was drilled at the outer margin of the Appalachian Fold and Thrust Belt in the Appalachian Plateau, penetrates approximately 1540 m of lower Paleozoic sedimentary rocks and terminates 60 m into the Precambrian marble basement. Analysis of the hydraulic fracturing tests indicates that the minimum horizontal principal stress increases in a nearly linear fashion from 9.9 q-0.2 MPa at 593 m to 30.6 q-0.4 MPa at 1482 m. The magnitude of the maximum horizontal principal stress increases in a less regular fashion from 13.8 q-1.2 MPa to 49.0 q-2.0 MPa over the same depth range. The magnitudes of the horizontal principal stresses relative to the calculated overburden stress are somewhat lower than is the norm for this region and are indicative of a strike-slip faulting regime that, at some depths, is transitional to normal faulting. As expected from the relative aseismicity of central New York State, however, analysis of the magnitudes of the horizontal principal stresses indicates, at least to a depth of 1.5 km, that frictional failure on favorably oriented preexisting fault planes is unlikely. Orientations of the hydraulic fractures at 593 and 919 m indicate that the azimuth of the maximum horizontal principal stress at Auburn is N83øE _+ 15 ø, in agreement with other stress field indicators for this region. The borehole televiewer log revealed a considerable number of planar features in the Auburn well, the great majority of which are subhorizontal (dips < 5 ø) and are thought to be bedding plane washouts or drill bit scour marks. In addition, a smaller number of distinct natural fractures were observed on the borehole televiewer log. Of these, the distinct steeply dipping natural fractures in the lower half of the sedimentary section at Auburn tend to strike approximately east-west, while those in the upper part of the well and in the Precambrian basement exhibit no strong preferred orientation. The origin of this east-west striking fracture set is uncertain, as it is parallel both to the contemporary direction of maximum horizontal compression and to a late Paleozoic fracture set that has been mapped to the south of Auburn. In addition to these planar features the borehole televiewer log indicates paired dark bands on diametrically opposite sides of the borehole throughout the Auburn well. Processing of the borehole televiewer data in the time domain revealed these features to be irregular depressions in the borehole wall. As these depressions were consistently oriented in a direction at right angles to the direction of maximum horizontal compression, we interpret them to be the result of stress-induced spalling of the borehole wall (breakouts).
INTRODUCTION
Understanding the nature and origins of the contemporary in situ stress field in the northeastern United States is needed for constraining models of tectonic processes and the driving mechanism of plate motions [Sbar and Sykes, 1977; Yang and Aggarwal, 1981] . Moreover, the in situ stress field directly influences the location and magnitude of intraplate earthquakes in this region [ . The Appalachian Plateau sediments at Auburn dip very gently to the south (dips < 2 ø) and, south of Auburn, form subdued and regularly spaced arcuate folds [Wedel, 1932] . These folds trend north of east and the anticlines lie over imbricated, high-angle, basement faults [Bradley and Pepper, 1938] . The Auburn well was drilled approximately 25 km north of the northernmost extension of these Appalachian Plateau folds.
STRESS MEASUREMENTS

Method
The hydraulic fracturing stress measurement method is based upon a theory first introduced by Hubbert 747 m. Since both cycles were conducted at the same flow rate, the fracture opening pressure was chosen as the pressure at which the pressurization curve at the beginning of the third cycle deviated from that established during the first cycle. The small triangles indicate the +0.6 MPa uncertainty that we have assigned to the fracture opening pressure from this test (see Table 1 ). [1957-1. The experimental and interpretation methods used in the Auburn well are described in detail by Hickman and Zoback [1983] and will only be summarized here. When using the hydraulic fracturing technique in vertical boreholes, one principal stress is assumed to be parallel to the borehole and equal in magnitude to the overburden pressure. In this case a vertical hydraulic fracture should initiate at the borehole wall along an azimuth perpendicular to the minimum horizontal principal stress Sh. The potential error in inferring the orientations of the principal stresses when none of the principal stresses is aligned with the borehole has been considered by Richardson [1983] . However, Zoback and Zoback [-1980 ], McGarr and Gay [-1978] , and others present data supporting the assumption of an approximately vertical principal stress direction that results from the lithostatic load. Specifically, one would expect this to be true at Auburn because of the low topographic relief and structural simplicity of the area. Determination of the magnitude of Sh requires the assumption that hydraulic fractures propagate in a plane perpendicular to the minimum principal stress: an assumption that is well supported by laboratory and theoretical studies [Hubbert and Willis, 1957; Haimson and Fairhurst, 1970; Haimson and Avasthi, 1975] . Determination of the magnitude of the maximum horizontal principal stress Sn further requires the assumption of the perfectly elastic concentration of effective stresses around a circular borehole [Hubbert and Willis, 1957] . In some cases the rock at the borehole wall cannot support these concentrated stresses and fails in compression, resulting in borehole elongation [Bell and Gough, 1979 ; Zoback et al., this issue]. When this occurs, the assumption of elastic behavior near the well bore is clearly not valid, and Sn cannot be determined in the elongated intervals of the borehole. We use the borehole televiewer (described below) and other geophysical logging tools to select sections of the borehole for our tests that are free from borehole elongation, natural fractures, and other irregularities.
In conducting a hydraulic fracturing test a 3.8-m-long section of the borehole is isolated with inflatable rubber packers. The pressure in the test interval is then raised until a hydraulic fracture is formed. Following this, repeated pressurization cycles of increasing duration are conducted to extend the fracture (see pressure and flow records in the appendix). After the test is completed, a borehole televiewer or impression packer [Anderson and Stahl, 1967 ] is used to determine the orientation of the induced fracture at the borehole wall and hence the azimuth of Sn.
The magnitude of S• in three out of the four tests conducted in the Auburn well was determined from the repeatable instantaneous shut-in pressure (ISIP) obtained after conducting a number of pressurization cycles together with the low flow rate downhole pumping pressures obtained in the final cycles of these tests. In the test at 1482 m, however, there was an unexpected decrease in the ISIP following low flow rate pumping in the sixth cycle, even though the ISIP as measured in the first five cycles appeared to have nearly stabilized. We believe that this sudden decrease in ISIP results from two factors: (1) an unusually large pressure gradient in the hydraulic fracture at the end of the test before the stepwise decrease in flow rate [see Hickman and Zoback, 1983] , and (2) significant fluid losses across either the borehole wall or the walls of the hydraulic fracture near the borehole, or both. A relatively high intrinsic permeability of the host rock or a hydraulic fracture that intersects permeable natural fractures may contribute to the latter factor, especially if the hydraulic fracture is propped open by rock or other debris. In this case it becomes possible to pump at pressures that are less than the In the test at 1482 m, Sh was determined using the six different pumping pressures measured during the stepwise decrease in flow rate at the end of the sixth cycle. In analyzing in situ fluid injection permeability tests, inflection points in plots of flow rate against pumping pressure are frequently observed that can be attributed to the expansion of fissures whose normal stress has been exceeded by the fluid pressure in the fissure [Ziegler, 1976] . Following the same rationale, in this test we chose as S• the pressure below which there was sudden increase in the rate of change of pumping pressure with respect to flow rate. This method is similar in principle to techniques employed by other investigators [e.g., Doe et al., 1983] in that it relies upon a rather abrupt change in the apparent permeability of the test interval resulting, we presume, from the closure of the hydraulic fracture away from the borehole as the pumping pressure drops below the magnitude of S•. We are confident that this method has yielded a reliable estimate for S• in this test because (1) this value agrees with what we would expect based solely upon the nearly stabilized ISIP values obtained in the first five cycles of this test, and (2) this value fits the nearly linear increase in S• with depth shown by the other three tests at Auburn (see Figure 3) . 
where Pro is the fracture opening pressure, or the pressure at which the already formed hydraulic fracture reopens at the well bore to accept fluid in later pressurization cycles. Owing to the observed dependence of tensile strength upon sample size and the type of test being performed [Ratigan, 1983; Hairnson and Rurnrnel, 1982] and the resulting uncertainty when extrapolating laboratory-determined tensile strengths to in situ conditions, use of the fracture opening pressure allows for a more straightforward determination of Sn and (2) was used in the Auburn well.
In deriving (1) and (2) it is assumed that fluid diffusion into the rock surrounding the borehole prior to breakdown or fracture opening is insufficient to raise the interstitial pore pressure and alter the stress concentration at the borehole wall (see discussion by Alexander [1983] ). Since three of our measurements were made in sandstones, however, it is conceivable that the intrinsic permeabilities at these depths are high enough that this assumption is invalid (although the Queenston Formation, in which two of these measurements were made, has been designated as a "tight gas sand "in packers that spanned almost the entire test interval. The hydraulic fracture at this depth consists of a series of steeply dipping en echelon fracture segments that are aligned along opposite sides of the borehole (Figure 4) . The average trend of these fracture segments is N75øE + 10 ø, and this was taken as the azimuth of Sn at this depth. This trend was obtained by constructing vertical lines bisecting each of the four groups of en echelon fracture segments, with the total fracture trace lengths on either side of the bisecting lines being equal in each group. The azimuths of these vertical lines were then averaged to obtain the azimuth of Sn at this depth. The Sn azimuths determined from the hydraulic fractures at 593 and 919 m were then averaged to obtain the average direction of maximum horizontal compression at the Auburn site' N83øE + 15 ø (the uncertainty indicated is merely an indication of our confidence in the accuracy of this number and is not intended to be a statistical measure).
Discussion
The tectonic stability implied by the stress measurements at Auburn is consistent with the low level of seismic activity recorded both in the historic record and by local seismic networks in central New York State, although some small events have occurred in this region. During the 425 year period from 1534 to 1959, Smith [1962, 1966] reported only six earthquakes within a 60-km radius of Auburn. All of these events were small, and five of them were reported to have maximum modified Mercalli intensities of III. The sixth event, which was the most recent (February 1, 1954 ) and the only event to have an instrumentally determined magnitude, was an M•. = 3.3 earthquake that occurred about 12 km north of Auburn [Smith, 1966] . It is difficult, however, to evaluate the implications of our stress measurements at Auburn using the his- Figure 7a) . The great majority of these features were low angle and indistinct. Since the bedding planes at Auburn are nearly horizontal, we believe that most of these features are either bedding plane washouts or drill bit scour marks. The density of distinct natural fractures detected by the borehole televiewer in the Auburn well (Figures 7b and  7c) , however, is much lower and averages only 0.077 fractures/m (13 m fracture spacing). There is considerable variation in this density with depth, and local maxima can be seen in the Queenston Formation, the Trenton Group, the Black River Group, the Theresa Formation, and the Precambrian basement. The persistence of distinct natural fractures, many with large apparent apertures, to depths of 1.6 km has important implications for in situ permeability in this region.
There is considerable scatter in the orientations of the distinct natural fractures seen in the Auburn well (Table 2 and Figure 8 ). These fractures do show, however, a strong tendency to separate into either steeply dipping or gently dipping clusters. In Figure 9 we compare the strikes of steeply dipping fractures (dips > 50 ø) over five discrete depth intervals in the Auburn well against the average orientation of S• as determined from our hydraulic fracturing tests. In the lower part of the sedimentary section in the Auburn well the steeply dipping natural fractures show a marked tendency to strike in a direction parallel to the current direction of maximum horizontal compression. into three distinct sets based largely upon orientation. Set I joints strike at high angles to Appalachian Plateau fold axes, whereas set II joints are subparallel to these fold axes. The strikes of both joint sets change to follow the arcuate trend of the Appalachian Fold Belt and maintain a consistent orientation relative to other structural trends of the Appalachian Plateau [Engelder and Geiser, 1980] . South of Auburn, gelder and Geiser [1980] show that set I joints strike in a north-south to north-northwest direction and set II joints strike in an east-west direction. Set III joints, which are not as widespread as sets I or II and are not related to any known structures, have been mapped in the region extending south from Syracuse to the New York/Pennsylvania border and strike in a consistent N68øE direction [Engelder, 1982] (Figure 9 ) of the north-south to north-northwest striking set I fractures reported by Engelder and Gelset [1980] south of Auburn. This is not surprising, since all of the stratigraphic units exposed in the uncased portion of the Auburn well lie below the proposed decollement in the Salina Group (see Figure 3) . As the east-west striking set II joints mapped on the surface are similarly restricted to the units above this decollement, one would also expect them to be absent from the Auburn well. As previously noted, however, there is a dominant east-west striking fracture set in the lower sedimentary section of the Auburn well. Because this fracture set is parallel both to the current tectonic stress field (N83øE) and the set II joints mapped by Engelder and Geiser [1980] to the south of Auburn, we cannot say with certainty whether these fractures are related to the late Paleozoic compression of the Appalachian Plateau or are genetically related to the current tectonic stress field. In this regard, other studies indicate a poor correlation between fracture orientations at depth and the in situ stress field [Seeburger and Zoback, 1982] . In addition, we do not see a fracture set in the Auburn well that is representative of the N68øE striking set III joints that Engelder [1982] mapped in this region and proposed to be related to the current tectonic stress fi61d.
BOREHOLE ELONGATION
Results
In addition to natural fractures and other planar features we also observed in the borehole televiewer log numerous dark patches and vertical bands with sharp irregular edges occurring in pairs on opposing sides of the borehole ( Figure  10a An alternative theory of breakout formation has been suggested by Babcock [1978] . He proposed that breakouts may result from spalling of the borehole wall where it intersects steeply dipping natural fractures and that in these cases, breakouts should form in a direction parallel to the strike of the dominant high-angle fracture set. This is not a plausible explanation for breakouts at Auburn because steeply dipping natural fractures in this well tend to strike in a roughly eastwest direction and fractures striking parallel to the northsouth trend of borehole elongation are notably absent ( Figure  9 ). One might also envision a mechanism whereby breakouts would form parallel to the dip of high angle fractures. This could happen, for example, if the poorly supported wedges of rock between a high-angle fracture and the borehole wall in the updip and downdip directions were to break off or become preferentially eroded during drilling. This would tend to produce asymetrical breakouts, with elongated patches on opposing sides of the borehole being vertically offset from one another. However, as such features were not observed on the Auburn borehole televiewer log, this is not a viable mechanism for breakout formation in this well. More generally, the poor correlation between the distribution of natural fractures (regardless of orientation) and the incidence of breakouts in the Auburn well argues against any mechanism for breakout formation that is dependent upon the occurrence of natural also used in our analysis, were recorded by a downhole pressure recorder located in the test interval, but these records are not amenable to reproduction. The pressure records from the tests at 747, 919, and 1482 m were obtained using a pressure transmitter attached directly to the wellhead. As no appreciable pressure gradient due to flow occurs in the drill pipe, downhole pressures for these tests are obtained simply by adding the hydrostatic pressure in the drill pipe to the pressures indicated. These hydrostatic pressures were determined using the downhole pressure recorder and are equivalent to the pore pressures given in Table 1. In the test at 593 m, however, the pressure record was obtained from a pressure transducer located at the upstream end of a high-pressure hose connecting the pump to the wellhead. A significant pressure drop occurs in this hose during pumping, and this must be subtracted from the surface pressure to obtain the corre-sponding downhole pressures. In the test at 593 m the magnitude of this pressure drop is 1.1 MPa during pumping at the maximum flow rate used.
